incipient damage features such as barely visible impact damage (BVID) and delaminations, while propagating across relatively large areas. For GW based monitoring to be performed ultrasounds must be excited in the structure, and the only transducer technology that meets the requirements for SHM of fixed wing aircraft 7 and is capable of effectively accomplishing GW-based diagnostic is based on piezoelectricity. 8, 9 Piezoelectric materials are mainly made from lead zirconate titanate (PZT) and can be produced in shapes and sizes, which are unobtrusive for the structure, can remain permanently installed, and can combine the functions of actuation and sensing. The performance of PZTs as ultrasonic GW transducers for damage diagnostics depends on several key parameters that must be selected before installing the SHM system, namely, piezoelectric properties, geometry, excitation frequency content, and the network configuration (i.e., the relative position of the transducers within the area to be monitored). Usually, the excitation centre frequency is selected assuming the ideal scenario of pure guided mode excitation [10] [11] [12] or time-domain discrimination between guided modes, 13, 14 after which a theoretically optimal dimension for the PZT transducer can be found from the wavelength tuning effect. [15] [16] [17] Another criterion for choosing the excitation centre frequency is to match the minimum resolvable distance by a certain pure guided mode with the minimum size of the damage to be detected. 18 When it comes to transducer placement, it is common to either use a high density network around a confined region (less than half metre) within the larger critical area [19] [20] [21] or to mathematically optimize the configuration for detecting specific damage scenarios/sizes. 22 For a preliminary level of optimization, the necessary parametric studies can be conducted efficiently by solving the two-dimensional analytical wave equations with externally incorporated damage-wave interaction coefficients for simplified geometries and materials. 23, 24 However, in a real SHM application for composite aircraft structures, in which GW propagation is direction dependent and where there are various three-dimensional geometric complexities and environmental/operational factors acting together, it is not realistic to rely on pure GW mode analysis. Furthermore, the requirements for minimization of hardware usage, system power consumption, and the influence of the transducer network on structural behaviour 7 make it infeasible to deploy dense transducer networks. Above all, the aforementioned selection approaches are unrealistic if GW-based SHM systems are to reach certification level for commercial aviation, as they do not encompass the full complexity of the coupled physics underlying GW transduction nor do they take multiple damage scenarios into account. In short, the lack of a systematic procedure for selecting/designing the transducer network and excitation signal is a major gap preventing the progress towards certification of GW based SHM systems.
This article presents research on reliability improvement of ultrasonic GW-based SHM of full-scale composite aircraft primary structures. This study proposes a novel methodology to consistently design a PZT transducer network, which is not limited to a single damage size, does not resort to unrealistic usage of guided waves (e.g., Lamb mode selection), and is applicable to a generic full-scale composite aircraft primary structure. This design methodology was based on sensor output, coupled electro-mechanical (E/M) response of the transducer-structure assembly, energy transfer from the bonded PZT transducer to the structure, wavefront coverage of the monitored area, and measurement equipment capabilities. The design methodology was successfully validated by testing the capabilities of the SHM system for diagnostic of BVID of different severities, applied in different locations of a full-scale thermoplastic composite aircraft stiffened panel.
This article is structured in seven sections. Section 2 explains the theoretical principles behind the development of the design methodology. Section 3 starts with a summary of the commonly adopted criteria for selecting the excitation signal and the transducer geometry. After justifying why it is not reliable to use those criteria for a real SHM application with real geometric complexity, the proposed novel SHM system design methodology is presented. Section 4 reports the implementation of the proposed design methodology for a full-scale composite aircraft primary structure. Section 5 describes the setup used for the experimental validation of the proposed design methodology. The results of the validation tests are then presented and discussed in Section 6, and the article ends with the main conclusions and contributions in Section 7.
| THEORETICAL BASIS

| Total sensor output
The performance of an SHM system, it influenced by the signal-to-noise ratio of sensor response. Therefore, one should look at the total GW response of a sensor as a function of frequency, as reported in previous studies. 9, 15, 17, 25 For SHM transducer network design purposes, the wavelength solutions of the Rayleigh-Lamb wave equation for the structure should be taken into account, together with the shape of the PZT transducer and the influence of the actuator on the sensor. Because it is desired to use circular transducers for wavefront omnidirectionality, the formulation presented by Sohn and Lee 17 for the sensor output voltage, V o , is adopted here. Then, by following the same logic as Raghavan and Cesnik, 15 |V o | is inversely proportional to the sensor radius, that is, the smaller the sensor radius, the higher the sensor output voltage. On the other hand, |V o | also has a harmonic dependence on the actuator radius. Therefore, if the effect of both the actuator radius and frequency is to be assessed, then |V o | can be written as being directly proportional to the harmonic function f (ξ S , ξ A , a) on the right-hand side of
where J 1 is the Bessel function of Order 1, a is the actuator radius, and ξ S and ξ A are the wavenumbers of symmetric and antisymmetric Lamb wave modes, respectively (which in turn depend on their frequency). By evaluating the periodic behaviour of this function, it is possible to determine at which frequency the sensor output voltage reaches a maximum for a certain actuator size.
| Electro-mechanical response of PZT transducer
The analysis of a piezoceramic transducer must include the study of its E/M behaviour coupled with the mechanical response of the structure to which it is attached because the dynamics of bonded transducer differs considerably from the free condition. 26 During excitation, the piezoceramic may undergo two different types of extreme states, resonance, and antiresonance. The first is characterized by a sudden and pronounced increase in electrical current, accompanied by greatly amplified vibration, which may lead to rupture and/or disruption of the material. This occurs when the admittance tends to infinity, and the impedance approaches zero. The second state corresponds to the opposite situation when the admittance drops to zero, and the impedance tends to infinity, resulting in almost no electrical current being converted to mechanical response. There is a very narrow frequency window where it is possible to obtain very high amplitude GW signals at the resonance. Furthermore, the points of resonance and antiresonance typically occur very close to each other, with an unstable transitory regime, which is detrimental for reliable SHM applications, where it is desired to have a steady generation of GW signals without any perturbations. Therefore, the unstable transitory regime of the resonance/antiresonance should be avoided. The admittance of a PZT transducer can be calculated according to Giurgiutiu
where a is the radius, C is the electrical capacitance, k p is the planar electromechanical coupling coefficient, ν a is the Poisson's ratio of the piezoceramic material, J 0 is the Bessel function of order 0 and γ = ω/c p,pzt with ω being the angular frequency and c p,pzt the bulk pressure wave speed in the piezoceramic material. Because this equation is derived for the bonded transducer condition, it includes the effect of the structure through the ratio of the dynamic stiffness of the structure to that of the PZT, β = k str (ω)/k pzt . The value of dynamic stiffness for the PZT transducer is considered to be independent of frequency and can be computed according to formulation given by Giurgiutiu. 26 In the case of the structure, the dynamic stiffness, k str is calculated according to the formulation presented by Giurgiutiu and Zagrai. 27, 28 Because those equations take structural vibration modes into account, values for the modal damping were taken from literature. 29, 30 The impedance Z is equal to the multiplicative inverse of Y, that is, Z = 1/Y.
The resonance points can be found by calculating the zeros of the denominator of Equation (2), whereas the antiresonance points can be obtained by computing the zeros of the entire expression inside the curly brackets of Equation (2).
| Energy transfer from the PZT transducer to the structure
The shear lag model of the bonding layer between the piezoceramic transducer and the structure derived by Giurgiutiu 9 can be used to perform an energy balance of the entire actuation system. For an SHM application, it is important to maximize the energy transfer from the actuator to the structure. According to the shear lag model and following the notation adopted by Giurgiutiu, 31 the part of the energy generated by piezoelectric transduction that is transmitted to the host structure, W str , can be approximately calculated by
where E a and t a are the Young's modulus and thickness of the PZT transducer, respectively, ε ISA = −d 31 × (V/t a ) is the strain induced by a voltage V on the PZT, I (Γa) is the bond efficiency factor, ψ is the 2D relative stiffness coefficient between structure and PZT and α is a shear coefficient, which depends on the stress, strain, and displacement distributions across the plate thickness. 31 The bond efficiency factor in turn depends on the parameter Γ defined for the 2D shear-lag model, as presented by Giurgiutiu.
31
If W str is normalized by the total induced-strain energy generated through piezoelectric transduction,
, then the portion of that energy, which is transmitted to the structure becomes a function of PZT thickness, for a certain PZT diameter. Therefore, the maximum of the normalized energy transmitted to the structure is a useful way to obtain a preliminary value for the theoretically optimal actuator thickness.
| Measurement equipment capabilities
The selection of frequency and transducer size should also take into account the capabilities of the waveform generator. Although amplification of the excitation signal may be employed, if the waveform generator cannot be operated at its maximum allowable voltage, then it is not possible to maximize the voltage at the terminals of the actuator. Therefore, the waveform generator could be considered as the limiting element in the GW test setup, and the maximum allowable electrical current should be derived from maximum allowable voltage of the waveform generator.
The waveform generator can only generate up to a certain level of voltage, V, which has to be transmitted through a channel with a specific impedance, Z. This imposes a maximum limit on the electrical current, I, that can be supplied to the circuit, according to Ohm's law V = I × Z. If the electrical current required by the circuit downstream of the waveform generator is above the maximum value that can be supplied, then the waveform generator will automatically adapt the generated voltage in order to reduce the current. This occurrence could prevent the waves from being generated with the highest possible amplitude, which in turn affects the signal-to-noise ratio and the quality of the measurements. Therefore, the chosen frequency/actuator diameter combination should allow the corresponding electrical current to be below the maximum allowable current for the waveform generator. In other words, if the highest possible voltage amplitude can be transmitted with an electrical current below the maximum allowable value, then the frequency/actuator diameter combination can be used for the operation of the transducer.
In addition to that, it is also important to pay attention to two other constraints. First, the maximum allowable electric field for the piezoceramic material should be respected. Second, the digital oscilloscope should be able to operate at a sampling frequency suitable for accurate acquisition of ultrasonic signals (e.g., 10 times the centre frequency).
| PZT transducer thickness effects
The sensor output response is directly proportional to its thickness. 17 Hence, a thicker PZT is in principle more beneficial, from a sensing point of view. From an actuation perspective, the actuation electrical current I = YC depends on the transducer radius, a and the transducer thickness t a . This thickness influence is included through the capacitance of the transducer, as described by
where A is the surface area of the PZT and the product of the relative dielectric constant and the free-space permittivity, ε 33 . In this case, the thinner the PZT, the higher the capacitance and the higher the actuation electrical current. So although lower thicknesses promote the generation of a higher actuation voltage (through Ohm's law), the required electrical current might be above the capabilities of the waveform generator (as described in the previous subsection).
| DESIGN METHODOLOGY
| Previous approaches
According to the literature referenced in Sections 1, the usually adopted approach for selecting the excitation frequency content and the PZT transducer geometry can be summarized as follows: a) GW mode of interest should be as nondispersive as possible b) Higher order GW modes should be avoided c) Frequency should allow mode interaction with damage to be detected d) In conjunction with (a) and (b), the minimum distance resolvable by the mode of interest should be close to the minimum damage size to be detected.
All these criteria are based on the ideal scenario of time-domain discrimination between specific GW modes for extracting signal features. However, that is not a realistic assumption in a real SHM application for composite structures, where the scatter from multiple geometric complexities and material anisotropy prevent the recognition of individual modes. Therefore, criterion (a) should be dropped. Criterion (b) should also be abandoned as one of the main guidelines if the residual time trace is used, as only the difference between states matters. Moreover, although the interference of higher order modes with the fundamental modes can potentially conceal wave features containing information about damage, it can still be argued that at some frequencies the presence of higher order modes might be advantageous for damage diagnostic, depending on their mode shapes. 32 The concept behind criterion (c) (i.e., the higher the frequency, the smaller the wavelength) is important to keep in mind, although the relationship between wavelength and damage size is (partially) lost when frequencies around, or slightly beyond, the cut-off is excited. At those points, the wavelength of higher order modes is quite long, which makes wave-damage interaction weak. So criterion (c) does not seem usable. The reasoning behind criterion (d) is again only valid for a pure mode, which, as mentioned before, does not hold true for a real SHM application. Additionally, none of the aforementioned criteria takes into account the working principles of GW piezoelectric transduction. Alongside with the design criteria, it is important to take into account mode conversion and direction-dependent GW propagation caused by material anisotropy when designing a GW-SHM system for composite structures. There are interdigital configurations capable of generating ultrasonic GW directionally that take advantage of predominant excitation of one mode over another. 18, [33] [34] [35] However, when propagating in composite structures with real geometric complexity, the predominantly generated GW mode would undergo mode conversion at different structural features and become inevitably coupled with the other modes possible at the excited frequency band, 36 preventing mode selective sensing with piezoelectric transducers. More importantly, the use of mode selective, directional actuators would only exacerbate the direction-dependent characteristics of GW propagation and would not enable a complete coverage of the area to be monitored.
| Proposed design methodology
In order to address this challenge, a novel methodology is proposed for designing the excitation frequency content and the transducer geometry more systematically. Instead of assuming single mode analysis, the aim is to optimize the response and operation of the transducer in conjugation with the measurement equipment, namely, by focusing on the physical principles explained in Section 2. The selection criteria are formulated below.
A. The PZT sensor output function should have at least one local maximum in a frequency bandwidth where only zero-order GW modes can be excited. B. The PZT sensor output function should have more than only one local maximum. More than one excitation frequency should be tested, in order to explore the detection capability of the network at higher frequencies. C. The chosen frequencies should not coincide with or be in the close vicinity of, E/M resonances or antiresonances of the bonded PZT transducer. D. The electrical current required to drive the chosen PZT transducer at the chosen frequency should be below the maximum allowable current for the waveform generator output channels. In other words, the required electrical current for the chosen PZT transducer, at the chosen frequency, should allow a waveform to be generated with the desired voltage amplitude. E. The selection of the PZT transducer thickness should take into account the maximization of energy transfer from the actuator to the structure.
| Considerations about the transducer shape
One of the most important characteristics for the transducer network to have operational flexibility is to have interchangeable actuator/sensor functions. In other words, the coverage of the monitored area is maximized if all the GW propagation paths are explored, which in turn can be achieved by using each actuator as sensor and vice versa. Therefore, the PZT transducers should all have the same dimensions and properties, at least within each inspected area. Furthermore, the wavefront coverage of the monitored area by each individual transducer should also be maximized, and those wavefronts should be (approximately) omnidirectional when generated in (quasi-) isotropic material, in an effort to increase robustness against direction-dependent GW propagation. Additionally, as explained in Sections 3.1 and as highlighted by criterion B, it is useful to have the possibility to excite different frequencies in order to explore different damage sensitivities of GWs. For all the above reasons, it was decided to develop the design methodology based on thin piezoceramic discs.
| Considerations about transducer network configuration
The number and positions of the transducers in the network should be chosen so that there is enough virtual wavefront coverage of the region around each critical area. In other words, the monitored area would be covered most efficiently by the wavefronts emanating from all transducers if they would hypothetically generate ultrasounds omnidirectionally at the same time. By maximizing the virtual wavefront coverage, the cases of anisotropic wave propagation (e.g., wave propagation in composites) are not neglected.
Although this is a criterion simply based on visual evaluation, it is well aligned with the concept of multipath unitcell network, 37, 38 according to which the damage index (DI) converges to its "real" value as the number of relevant wave propagation paths increases. Thus, if the number of propagation paths is increased in a meaningful way for the areas to be monitored, while preventing the network from becoming overly dense, then it is not necessary to solve an actual mathematical optimization problem for defining the transducer placement.
| Considerations about PZT material selection
If the only purpose of the PZT transducer was GW actuation, then the selection of the PZT material should predominantly focus on d 31 , because it quantifies the induced strain in the in-plane direction (Direction 1, in this case radially) per unit electric field applied in the out-of-plane direction (Direction 3). On the other hand, if the only purpose of the PZT transducer was GW sensing, the selection of PZT material should predominantly focus on g 31 because it quantifies the induced electric field in Direction 3 per unit stress applied in Direction 1. Because it is desirable to maximize the amount of GW data acquired from the monitored area, it is crucial that the selected PZT material can be used for both sensing and actuation. Hence, it is important that both d 31 and g 31 are high. From the materials with the highest d 31 × g 31 product, the one with the highest g 31 is chosen so that the sensing sensitivity is favored.
| Important design checks
After defining the PZT transducers positioning within the network, it is crucial to check if there is enough space available on the structure for the installation. Finally, the maximum allowable electric field for the PZT material should not be exceeded. All the steps of the SHM system design implementation are reported in Section 4. First, the PZT transducer material is selected in Subsection 4.1. Then, Subsection 4.2 describes the application of criteria A to E one by one to each structural area to be monitored. Finally, the result of the application of the guidelines for positioning the transducers within the network is shown in Subsection 4.5.
| DESIGN IMPLEMENTATION
It should be noted that the design implementation presented in the following subsections was conducted for PZT disc diameters varying from 5 to 30 mm in steps of 5 mm and for PZT thicknesses varying from 0.1 to 1 mm in steps of 0.1 mm.
| PZT material selection
The values of the piezoelectric charge constant, d 31 and the piezoelectric voltage constant, g 31 for the materials available from the selected PZT supplier (APC International, Ltd.) are presented in Table 1 . As a result of the application of the guidelines for PZT material selection proposed in Subsection 3.2.4, the chosen material was APC 850.
| Study of the critical areas
The application of design criteria A and B to structural areas to be monitored required the Rayleigh-Lamb wave solutions to be calculated in the form of dispersion curves. As shown later in Subsection 4.5, most of the transducers were placed on the skin of the stiffened panel. Thus, the dispersion curves were calculated for the skin laminates. Also as explained later in Section 5, three structural areas were selected for this study: Areas 1 and 2 (which have approximately the same thickness and laminate stacking sequence) and Area 3. The phase and group velocity dispersion curves for Areas 1-2 and Area 3 are depicted in Figure 1 and Figure 2 , respectively. They were obtained with DISPERSE® 2.0.20a (Imperial College, London) by using the composite elastic properties in Table 2 and the symmetric and quasiisotropic stacking sequences in Table 3 provided by the panel manufacturer. FIGURE 1 Dispersion curves for the skin of Areas 1-2: phase velocity (left) and group velocity (right). For clarity purposes, higher order modes with cut-off frequencies above 400 kHz (i.e., modes that were not excited in any of the tests) are not presented FIGURE 2 Dispersion curves for the skin of Area 3: phase velocity (left) and group velocity (right)
The phase velocity of the fundamental symmetric Lamb mode (S0) at approximately null frequency and the phase velocity of the fundamental antisymmetric Lamb mode (A0) at the last calculated frequency were used as longitudinal and shear bulk wave velocities, c p , and c s , respectively, for computing equivalent Poisson's ratio and equivalent Young's modulus, v eq and E eq , that is, elastic properties of the skin "perceived" by the wavefront, as if the material was isotropic. The relationship between the Lamé constants (λ and μ), density (ρ) for isotropic material, and the bulk wave velocities in
was used to solve
ð Þþ1
In turn, E eq was used in design criterion E. Another important quantity for the application of the design criterion A is the frequency bandwidth, as defined in
where f up is the frequency bandwidth upper limit, f c is the excitation centre frequency, f low is the frequency bandwidth lower limit, k bw is the so-called bandwidth parameter, and N cyc is the number of cycles in the excitation pulse. According to Wilcox, 18 the −40 dB bandwidth definition corresponds to a theoretical value of k bw equal to 2.8. However, the computed −40 dB bandwidth of (previously acquired) experimental Hanning windowed excitation tone bursts with centre frequencies ranging from 200 to 750 kHz revealed actual values of k bw approximately equal to 1.9. Taking k bw = 1.9 and Equation (7), it is possible to inversely calculate the necessary centre frequency, f c , if only fundamental Lamb modes are to be generated, that is, if the frequency bandwidth upper limit, f up , is to be at the first cut-off (read from the group velocity dispersion curves because the group velocity is the one at which the pure mode propagates). The values for each area (see Table 4 ) were calculated for an excitation tone burst amplitude modulated by a Hanning window with N cyc cycles, which has a narrower frequency bandwidth than a simple sinusoid. Finally, it is also important to keep in mind that the larger the number of pulse cycles, N cyc , the longer will be the wave groups in the GW response and the more intense will be the interference between them, thereby increasing the probability of losing damage-related information. Hence, it was decided not to go beyond N cyc = 10 to keep the duration of the excited wave groups below 0.1 ms.
| Areas 1-2
Criterion A: Single sensor output local maximum Although sensor output voltage Vo is directly proportional to transducer thickness (see Subsection 2.1), Equation (1) does not depend on thickness so neither does the location of the maxima. Hence, it is possible to evaluate criterion A by looking at the graphs independently of the thickness value. As indicated in Table 4 From the plots of Figure 3 , it is also possible to see that criterion B is satisfied for transducer diameters above 10 mm. The frequencies of the relevant local maxima for the PZT diameters identified with criterion A are listed in Table 5 . In summary, criteria A and B are satisfied in the following conditions:
• D = 20 and 30 mm, with N cyc = 10
Criterion C: E/M response For the evaluation of this criterion, transducer thickness must be taken into account. Therefore, the previously identified candidate diameters are taken, and the points of 0 and infinite E/M admittance for each thickness are calculated according to Equation (2) . It is relevant to note that the E/M resonance and antiresonance points are always adjacent to each other (as seen in Figure 3 , for example). Therefore, it is enough to find the E/M resonance points. For D = 20 mm, there are two E/M resonances between 0 and 400 kHz, whereas for D = 30 mm there are four. For D = 20 mm, all the three relevant sensor output local maxima (see Table 5 The Agilent 33500B waveform generator available in the laboratory has output channels with 50 Ω impedance, and the maximum signal amplitude it can produce is 10 Vpp. Hence, the maximum current that can be supplied by the equipment is 0.1 A. The evolution of electrical current as a function of frequency for D = 20 mm and different thicknesses (see Figure 4 ) was computed as the product of the inverse of Equation (2); in which the capacitance is defined by Equation [4] ) and the maximum allowable voltage. It can be seen that only for thicknesses above 0.3 mm is the electrical current at the three previously identified frequencies (see Table 5 ) below 0.1 A. From similar graphs for D = 30 mm, it was observed that only for thicknesses above 0.6 mm is the electrical at the three previously identified frequencies (see Table 5 The normalized energy transmitted to the structure by the PZT actuator calculated according to Equation (3) is plotted in Figure 5 as function of actuator thickness, for actuator diameters ranging from 5 to 30 mm. For the calculations, the shear modulus and thickness of the bonding layer were assumed to be equal to 2 GPa and 10 μm, 9 respectively.
Although the curves deviate from each other, they all have an absolute maximum for a thickness equal to 0.3 mm. This means that, in ideal bonding conditions, transmission of ultrasonic energy to the structure is maximized if the transducer is 0.3 mm thick. However, this value falls outside of the design region identified by criteria A to D, which means the adopted PZT thickness does not match the ideal energy transmission conditions. Nevertheless, in the case of D = 20 mm, the normalized transmitted energy for t = 0.4 mm is only 2.4% lower than for t = 0.3 mm, which does not represent a detrimental deviation from the ideal conditions. On the other hand, in the case of D = 30 mm, the normalized W str for t = 0.7 mm is approximately 16.6% lower than for t = 0.3 mm, which is low enough to justify the exclusion of this case from the design space. In summary, criteria A to E are satisfied in the following conditions:
• D = 20 mm, for t = 0.4 mm, with N cyc = 10
| Final transducer and excitation design
The selected PZT transducer geometry for Areas 1 and 2 is a thin disc with a diameter of 20 mm and a thickness of 0.4 mm. The actuation of ultrasonic GW is to be performed at 123, 213, and 335 kHz, using a 10-cycle tone burst with the amplitude modulated by a Hanning window.
| Area 3
In this subsection, the design implementation for Area 3 is shown directly without further explanations because the procedure for applying the design criteria is the same as that explained in Subsection 4.2.1 for Areas 1-2. The frequencies that enable the application of criterion A can be found in Table 4 . The diameters and the frequencies that satisfy criteria A and B for Area 3 can be found in Table 6 . Those values are taken as candidates for criteria C to E, until the final design of the transducer and excitation signal is obtained. Criterion A: Single sensor output local maximum
In summary, criterion A is satisfied in the following conditions: 
| Final transducer and excitation design
The selected PZT transducer geometry for Area 3 is a thin disc with a diameter of 20 mm and a thickness of 0.4 mm. The actuation of ultrasonic GW is to be performed at 112, 198, and 350 kHz, using a 5-cycle tone burst with the amplitude modulated by a Hanning window.
| Final transducer network configuration
The final transducer network configuration for each area is summarized in Table 7 . Figure 6 shows the full-scale horizontal stabilizer torsion box stiffened panel, where it is possible to have a general view of the entire transducer network. Figure 7 and Figure 8 show the detail of the network installation on critical Areas 1-2 and 3, respectively.
| Design checks
The maximum allowable electric field for APC 850 material is 5 V AC /mil, that is, 5,000 V AC /in = 196.85 V AC /mm. That means the maximum allowable (absolute) voltage for the transducers is 78.74 V. Because the maximum voltage that the waveform generator can supply is 10 Vpp, and the maximum amplification factor available was 1.6, there is no risk of exceeding the allowable limits of the PZT.
| EXPERIMENTAL SETUP
The test specimen was selected as a full-scale horizontal stabilizer torsion box panel entirely made of carbon fiber (CF) reinforced polyetherketoneketone (PEKK), made available by Fokker Aerostructures B.V. for the SHM tasks of the Thermoplastic Affordable Primary Aircraft Structure 2 (TAPAS 2) project. The CF/PEKK composite material properties are listed in Table 2 . The component consisted of a coconsolidated stiffened skin with multiple I-stringers in butt-joint configuration and two riveted ribs, as depicted in Figure 9 . The panel had a maximum length and width of about 2.9 and 1.7 m, respectively, with skin thickness varying between 1.8 and 8.1 mm and rib thickness between 3 and 3.5 mm. Three selected critical areas were selected for this study, as shown in Figure 9 . The ply stacking sequence for the composite skins was symmetric and quasi-isotropic, as presented in Table 3 . The structure was impacted along the stringers, on the outer side of the skin, at the locations indicated in Table 8 and depicted in Figure 9 . The impacts were applied by a portable spring-mechanism impactor configured to generate a nominal impact energy of 50 J. Area 3 was impacted a second time with a lower nominal impact energy of 30 J. The projectile head diameter was 12.7 mm, and its mass was around 2.7 kg. GW measurements were conducted for each area, before and after the impacts. The setup can be seen on the lefthand side of Figure 10 : The ultrasonic excitation was produced by an Agilent 33500B waveform generator, amplified by a TTi WA301 wideband amplifier and transmitted to the structure by thin PZT actuator discs (see final design for Areas 1-2 and Area 3 in Subsections 4.2.1.6 and 4.2.2.6, respectively, for details on the material, geometry, and excitation signal); the ultrasonic response was sensed by thin PZT sensor discs and acquired by two digital oscilloscopes, PicoScope 4424, and PicoScope 6402A, both connected to a computer. In order to prevent faulty diagnostics, the integrity of the transducer network was also monitored during the entire test campaign, by measuring the E/M susceptance of the PZT transducers with a Hioki IM 3570 Impedance analyzer connected to Hioki L-2000 4-terminal probe, as shown on the right-hand side of Figure 10 .
| TEST RESULTS AND DISCUSSION
| Visual inspections
The real impact energies listed in Table 9 were in accordance with the nominal values introduced in the Section 5. It is important to explain that although Impacts 1 to 3 had identical energies and were performed with exactly the same equipment and projectile, they occurred at different locations of the structure, where different arrangements of the panel stiffening elements impose different boundary conditions. This is a relatively realistic low-energy impact scenario, in which the size and severity of the produced barely-visible damages were not fully under control. Visual inspections of the impacted areas revealed two types of BVID features. One was shallow indentations at the impact locations (see Table 8 in the Section 5), only perceptible from certain viewing angles and with depths ranging from 0.07 up to 0.3 mm (see Table 9 ). The other one was a small, irregular crack in the stringer filler across the impact location, which only occurred for Impact Number 1 (on Area 3) and was difficult to visually measure. Both occurrences are depicted in Figure 11 .
| Nondestructive testing
Ultrasonic nondestructive testing performed at a frequency of 5 MHz with an Olympus OmniScan MX unit connected to a phased-array roller probe revealed internal damages at the stringer-skin interface of different severities and sizes. The C-scans obtained for Areas 1-2 and Area 3 are depicted in Figure 12 and Figure 13 , respectively. The comparison of the C-scans in Figure 12a and Figure 12b shows damage after impact on Area 1 (D1) as a few spots of low reflectivity (about 20%). In Figure 12c , the damage after impact on Area 2 (D2) is more clearly visible than in the aforementioned case with and extending for about 10 mm along the stringer run-out bond edge. It is interesting to note that, although the energy of the impact at Area 2 was lower than that of the impact at Area 1, the internal features of damage D2 appeared to be larger and more severe than those of D1. By combining this observation with the differences in indentation depth read from Table 9 , it is possible to grasp the effect of different boundary conditions on the damage generated by impacts with identical energy. The damage after the first impact on Area 3 (D3) can be unambiguously identified when Figure 13a and Figure 13b are compared, as there is a clear delamination running along the stringer-skin interface, with a length and an area of approximately 164 and 2,952 mm 2 , respectively. Additionally, there are other damage features on the sides of the stringer, which could be related to the irregular filler crack depicted in Figure 11 . When comparing C-scans obtained after the first and second impacts on Area 3, Figure 13b and Figure 13c , respectively, it is not possible to observe any relevant difference, even though it was possible to identify a slight increase in indentation depth, as registered in Table 9 .
| Structural health monitoring
The GW signals were processed with the continuous wavelet transform using the Morlet wavelet in order to filter out the frequencies outside the 20-1,000 kHz band. The filtered signals for each propagation path p were then Fourier transformed to the frequency domain and used to compute the root-mean-square error (RMSE f ; based on a combination of two indexes presented in previous research 5, 39 ), as defined in
FIGURE 12
Ultrasonic C-scans of stringer run outs: (a) reference, (b) after impact at Area 1, and (c) after impact at Area 2. The reflectivity changes attributed to damage are highlighted by ellipses. The elements with legend in the reference C-scan (a) are R-Rivets, T-PZT transducer (see Figure 7 for a clearer geometry identification)
where s( f ) 0 and s( f ) are the frequency domain baseline and new-state signals, respectively and n is the number of signal sample points. This index corresponds to the standard deviation of the differences between the signals, thereby being a measure of the signal shape change.
The multipath unit-cell network concept (introduced earlier in Subsection 3.2.
3) was applied, and the final DI value for a monitored area was computed as the weighted average of all N paths in that area, as defined by
The application of this concept makes the DI independent of propagation path orientation with respect to the structural elements in the monitored area, thereby generating a DI value, which corresponds to a measure of the total change in the scatter field. The final DI values for each state and frequency are plotted in Figure 14 , in which excitation Frequencies 1, 2, 3 were 123, 213, 335 kHz for Areas 1-2 and 112, 198, 350 kHz for Area 3. All frequencies have the same trend with a consistent monotonic increase from nondamaged to damage D3, and an almost constant value from D3 to D3 + D3. The DI values for damage states D1 and D2 increase with frequency, whereas those for states D3 and D3 + D3 remain approximately the same at the three frequencies. Thus, damage states D1, D2, and D3 were unambiguously detected and quantified by the transducer network. In fact, the detection of D1 is clearer than by observing the ultrasonic C-scan presented in Figure 12b . The DI values for damages D3 and D3 + D3 are comparable with the values obtained by Monnier 39 for similar BVID in similar full-scale composite component monitored at similar frequencies, thereby confirming the accuracy of quantification. However, contrary to previous research, 40 the transducer network showed equal sensitivity to BVIDs with considerably different areas.
It is interesting to observe that there is a slight reduction in DI from D3 to D3 + D3 for Frequency 1 and an even slighter one for Frequency 3. As previously explained, the adopted DI measures change in the frequency spectrum, whether due to the appearance/disappearance of frequency components or due to the increase/decrease of magnitude at existing frequency components. These changes are the consequence of interference between new reverberations created by the presence of damage. However, if those reverberations are partially attenuated within damage features, then the difference of the sensed signals with respect to the baseline condition becomes less pronounced. Even though the ultrasonic C-scan performed after the second impact on Area 3 (see Figure 13c ) did not reveal any noticeable difference with respect to the first impact, there might be some increase in delamination opening without increase in length 41 causing the aforementioned partial attenuation. This could explain the slight DI reductions observed. In order to test this hypothesis, the energy ratio defined in
was computed for each path of Area 3 for states D3 and D3 + D3, where s 0 (t) and s 1 (t) are the time-domain baseline and new-state signals, respectively and E[s(t)] is the time-domain signal energy calculated through trapezoidal numerical integration of the squared amplitude over time. The difference between the two damage states was taken for 112 and 350 kHz and is presented in Table 10 and Table 12 , respectively. In order to identify the relevance of the propagation paths, their weighting factors based on the energy ratio for damage D3 at 112 and 350 kHz are presented in Table 11 and Table 13 , respectively. The combined analysis of Table 10 and Table 12 and Table 13 indicate relevant reductions for paths 12-18, 14-17, 17-14, and 18-12, as well as for other less relevant paths. However, because there is an increase for the most relevant paths, 16-12 and 12-16, the drop in final DI is not as marked as at 112 kHz. Therefore, although the hypothesis cannot be entirely proven, it seems valid to say that a fraction of the energy scattered by the damage D3 + D3 does not arrive at the sensors. Nevertheless, the SHM system was able to detect the presence of damage D3 + D3 through DI increases for individual propagation paths. A sparser transducer network configuration was also tested in order to evaluate the robustness of the placement approach. The sparser configuration consisted of actuator on PZT 01 and sensor on PZTs 07, 10, 11, and 18, thereby covering the three critical areas. The tested frequency was 123 kHz. In this case, the selected baseline condition, IA0, was the state after the first impact on Area 3, D3. The RMSE f for each propagation path is depicted on Figure 15 . The main contribution for the RMSE f value for state D3 + D3 + D1 (IA1 in Figure 15 ) for Path 1-7 is due to the presence of damage D1 (apart from the influence of the reflections coming from Area 3) because Area 1 is the only region crossed by that propagation path (recall the relative PZT positions within the transducer network shown in Figure 6 to Figure 8 ). The same can be said for the Path 1-10, for which the detected value is just slightly higher than for Path 1-7 because PZT 10 is closer to Area 3 than PZT 07. For the Path 1-18, the propagating wavefront crosses Areas 1 and 3. So the RMSE f value reflects the presence of both D3 + D3 and D1, almost reaching the double of the value acquired for Path 1-7. Finally, although Path 1-11 crosses Areas 1 and 3, the wavefront arriving at the sensor captures the presence of both D3 + D3 and D1 only through reflections. As a result, the RMSE f value lies in between those acquired for Paths 1-7 and 1-18. After the impact on Area 2 (state IA2 in Figure 15 ), the accumulation of damage D2 is detected by all the paths of the sparse network, with a sensitivity, which is in agreement with the explanation given for the cumulative state D3 + D3 + D1. When Figure 15 is compared with the ultrasonic C-scans in Figure 12b and in Figure 13c , it is possible to see that the diagnostic of the cumulative state D3 + D3 + D1 by the ultrasonic GW based SHM system is more unambiguous.
Therefore, the SHM system was able to detect the cumulative BVID without needing an optimization of the transducer network configuration for each damage size, while using an excitation frequency, which was not an optimum for the entire covered region.
For the sake of result transparency, Figure 16 shows the evolution of the degradation of all PZT transducers as a function of time (i.e., data set number within the sequence of tests). In this case, the transducer network degradation is quantified by the complement of the coefficient of correlation (DI PZT = 1-CC) between each E/M susceptance curve (recorded at each E/M scan of test campaign) and the one at the start. [42] [43] [44] The E/M susceptance was measured between 50 and 500 kHz. As it is visible from the graph, the PZT transducer damage indicator remains very low and with almost no relevant variation, which confirms that the DI variations for GW signals acquired by the SHM system from the critical areas were not caused by degradation of the transducer network. As this discussion reaches an end, it is relevant to mention that the design methodology proposed in this article can be useful both for researchers developing their own GW-SHM systems and for users of commercially available system solutions who want to have a well-informed decision on their purchase.
| CONCLUSIONS
This article presented a novel methodology to systematically design an ultrasonic GW-based structural health monitoring (SHM) system, which is not limited to a single damage size, does not resort to unrealistic usage of guided waves (e.g., Lamb mode selection), and is applicable to a generic full-scale composite aircraft primary structure. The proposed set of criteria for defining the excitation frequency content, geometry, and positioning of PZT transducers was based on the optimization of the sensor output, coupled electro-mechanical (E/M) response of the transducer-structure assembly, energy transfer from the bonded PZT transducer to the structure, wavefront coverage of the monitored area, and measurement equipment capabilities. Moreover, the choice of PZT material reflected the need for having transducers with interchangeable function between actuator and sensor.
In order to validate the design criteria, a test campaign was conducted on a full-scale horizontal stabilizer torsion box panel entirely made of carbon fiber reinforced thermoplastic material. BVID of different severities was applied to different critical locations of the structure, and GW measurements were performed before and after each state. The integrity of the transducer network was also recorded by measuring the E/M susceptance, in order to avoid faulty diagnostics.
According to the ultrasonic C-scans of the critical areas, the length of the BVID-related stringer-skin delamination ranged from a couple of millimeters up to 164 mm. All the different BVID were detected by the SHM system. The obtained DI values for the largest BVID were comparable with the values for similar damage size obtained by other researchers, thereby confirming the accuracy of damage quantification. However, contrary to those other researchers, the SHM system designed according to the novel methodology proposed in this article was equally sensitive to both large and small BVID. In fact, the DI values for Area 1 allowed a less ambiguous detection than the ultrasonic C-scan, where the damage showed up only as a few spots with low reflectivity of about 20%. Additionally, it was also possible to detect and quantify the accumulation of successive BVID, both in normal and sparse transducer network configurations, thereby showing that it is not necessary to perform a transducer network optimization for each different damage scenario. The performance of the SHM system in the detection of accumulated BVID at Area 3 even surpassed that of the ultrasonic C-scan, where the second impact did not produce any noticeable reflectivity difference with respect to the first impact.
Therefore, it can be concluded that the proposed methodology for consistently designing the transducer network has the potential for maximizing the diagnostic effectiveness of a GW-SHM system, as it enabled the mission accomplishment for a variety of damage sizes in different critical areas of the structure. To really assess that potential, a probability-of-detection study of the system should be conducted in order to understand how the transducer network parameters affect the diagnostic reliability.
It is important to state the physics used in each design criterion is not novel. However, to the authors' knowledge, it is the first time such physical criteria have been used in a fully integrated way in order to develop a procedure for systematically designing a PZT transducer network for GW-SHM without depending on damage size tuning or relying on single guided mode analysis. The successful validation of the novel design methodology represents an important first contribution for the certification of GW-SHM systems, ultimately bringing them one step closer to implementation in condition-based maintenance programmes for commercial aviation.
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